Abstract. Aberrant methylation of promoter regions associated with gene silencing is one of the major mechanisms underlying the inactivation of tumor suppressor genes in carcinogenesis. Previous studies have proposed that methylated DNA from tumor cells is released into the circulation and might be widely used as a marker for non-invasive tumor detection. Catalytic activities of folate metabolismrelated enzymes and adequate synthesis of methyl donors are important elements for the cellular methylation reaction. In the present study, we sought to determine the following: i) genotype frequencies of MTHFR and MTR involved in folate metabolism in cases and cancer-free controls; and ii) the methylation status of three candidate genes (p16 INK4A , p73 and hMLH1) in plasma related to the folate and homocysteine levels. From genotype frequency analysis, individuals homozygous for the MTHFR 677TT genotype had a significantly reduced risk of developing colorectal cancer compared with those harboring the MTHFR 677CC genotype (OR, 0.206; 95% CI, 0.070-0.604; P=0.005), and had a lower plasma folate concentration than those with the MTHFR 677CC+CT genotype (P<0.05). Using methylation-specific PCR, p73 was shown to be more frequently methylated in the high folate group [50% (8 of 16)] than in the medium [16.7% (3 of 18)] or low folate subgroups [11.1% (2 of 18)].
Introduction
Methylation of the promoter-associated CpG islands is a well-documented epigenetic modification, acting as a mechanism to regulate gene expression associated with the development of cancer (1, 2) . Aberrant methylation of the tumor suppressor or DNA repair gene promoter has been detected in many different types of cancers (3) (4) (5) (6) . Tumor DNA is released into the circulation and enriches the plasma and serum (7) , which enables new approaches to detection, diagnosis, and monitoring (8, 9) .
Folate is essential for the synthesis of S-adenosyl-methionine, which is the methyl donor required for all methylation reactions in cells (10) . Homocysteine (Hcy) is an intermediary product in methionine metabolism and elevated plasma Hcy is a sensitive biomarker of an imbalance in the integrated pathways of one-carbon metabolism (11) . The folatemetabolizing enzyme, methylenetetrahydrofolate reductase (MTHFR), reduces 5,10-methylenetetrahydrofolate to 5-methylenetetrahydrofolate, which is then utilized to convert Hcy to methionine by methionine synthase; methionine synthase is encoded by the MTR gene. The polymorphisms of MTHFR (677C➝T and 1298A➝C) and MTR (2756A➝G) associated with decreased enzymatic activity may contribute to the development of many cancers due to an imbalance of folate and Hcy in plasma (10) (11) (12) . p16 INK4A is a cyclin-dependent kinase inhibitor that prevents the phosphorylation of retinoblastoma protein, and thereby impedes mitosis at the G1-S transition of the cell cycle pathway (13) . This gene is inactivated by mutations, homozygous deletions, or gene methylation in many tumors of diverse origin (14) . p73, a structural and functional homologue of p53, exists in two major forms (full-length TA-p73 and N-terminal truncated ΔN-p73). TA-p73 shares some functional characteristics with p53 and functions as a tumor suppressor. Whereas ΔN-p73 exhibits anti-apoptotic activities, the expression of ΔN-p73 is up-regulated in many human cancers (15) . The hMLH1 protein, a mismatch repair enzyme, maintains the fidelity of the genome during cellular proliferation (16) . The function of DNA mismatch repair (MMR) is diminished by aberrant methylation and transcriptional silencing of the hMLH1 gene promoter (17) (18) (19) .
Although a series of studies has shown genomic DNA methylation through an interaction with folate status in tumors, the effect of folate and Hcy on circulating DNA methylation, such as p16 INK4A , p73 and hMLH1, in colorectal cancer patients has not been evaluated. We postulate that polymorphisms of MTHFR (677C➝T and 1298A➝C) and MTR (2756A➝G) associated with decreased enzymatic activity could result in an imbalance between the folate and Hcy levels that may play a role in the etiology of colorectal cancer through effects on DNA methylation (20) . Thus, the purpose of the current study was to determine the following: i) the effect of MTHFR and MTR polymorphisms on the incidence of colorectal cancer; and ii) the effect of folate and Hcy on p16 INK4A , p73, and hMLH1 promoter DNA methylation in plasma.
Materials and methods
Study subjects. We recruited 67 patients from CHA Bundang Medical Center at the CHA University with newly diagnosed and histologically-confirmed colorectal cancer. The cancer-free controls included 53 healthy, hospital-based patients. Control participants with a history of cancer, previous radiotherapy or chemotherapy, heart disease, diabetes, and thrombosis were excluded from this study. Genomic DNA was extracted from white blood cells (WBC) by phenol/chloroform extraction, and used for genotyping of MTHFR and MTR. MTHFR 677C➝T, 1298A➝C, and MTR 2756A➝G genotypes were analyzed by PCR-RFLP, as described earlier (21, 22) . The Institutional Review Board of CHA Bundang Medical Center approved our study, and written informed consent was obtained from all participants who were genetically-unrelated ethnic Koreans.
Genetic analysis. Blood samples were collected in a tube containing anticoagulant from 67 colorectal cancer patients (35 males and 32 females) and 53 healthy controls (23 males and 30 females) 12 h after the subject's last meal. WBC and plasma were separated from 10 ml of blood in trisodium EDTA-treated blood collection tubes. The tube was centrifuged for 15 min at 1000 x g to separate the plasma. The concentrations of folate and Hcy in plasma were measured by chemiluminescent immunoassay (ACS-180; Bayer Diagnostics, Tarrytown, NY, USA). For the isolation of circulating DNA from plasma, 700 μl of plasma was extracted with TRIzol™ LS reagent (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's recommendation. The clear upper layer from the extraction was precipitated after overnight incubation at -20˚C by adding 0.1 volume of 7.5 M ammonium acetate, 2 volumes of 100% ethanol, and 5 μl of glycogen (5 mg/ml stock solution). The resulting pellet was washed with 1 ml of 70% ethanol, then dissolved in 40 μl of nuclease-free water. DNA samples were subjected to sodium bisulfite conversion using the CpGenome™ DNA Modification Kit (Chemicon International Inc., Temecula, CA, USA). Treatment of DNA samples with bisulfite converts all unmethylated cytosines to uracils, but does not affect methylated cytosines. We performed methylation-specific PCR (MSP) using modified DNA. For the methylated reaction, the primer sequences were as follows: 5'-GGA CGT AGC GAA ATC GGG GTT C-3' (sense) and 5'-ACC CCG AAC ATC GAC GTC CG-3' (antisense) for p73; 5'-TTA TTA GAG GGT GGG GCG GAT CGC-3' (sense) and 5'-GAC CCC GAA CCG CGA CCG TAA-3' (antisense) for p16; and 5'-ACG TAG ACG TTT TAT TAG GGT CGC-3' (sense) and 5'-CCT CAT CGT AAC TAC CCG CG-3' (antisense) for hMLH1. For the unmethylated reaction, the primer sequences were as follows: 5'-AGG GGA TGT AGT GAA ATT GGG GTT T-3' (sense) and 5'-ATC ACA ACC CCA AAC ATC AAC ATC CA-3' (antisense) for p73; 5'-TTA TTA GAG GGT GGG GTG GAT TGT-3' (sense) and 5'-CAA CCC CAA ACC ACA ACC ATA A-3' (antisense) for p16; 5'-TTT TGA TGT AGA TGT TTT ATT AGG GTT GT-3' (sense) and 5'-ACC ACC TCA TCA TAA CTA CCC ACA-3' (antisense) for hMLH1. Thermal cycling was initiated at 95˚C for 5 min, followed by 40 cycles at 94˚C for 30 sec, 67˚C for 30 sec (p16) or 62˚C for 30 sec (p73 and hMLH1), and 72˚C for 30 sec, and final extension at 72˚C for 2 min. The PCR products were separated by 3% agarose gel and visualized by ethidium bromide staining. We determined the methylation status as positive or negative based on the PCR results. The presence of an amplification band in the methylated reaction or in the methylated and unmethylated reactions was designated 'methylation negative' or 'methylation positive', respectively.
Statistical analysis.
Comparisons of SNP allele frequencies and the methylation status in the case and control groups were performed using Fisher's exact test. The concentrations of plasma folate and Hcy in patients were expressed as the mean ± SD values. Statistical significance was accepted at the P≤0.05. All statistical analyses were performed using SPSS for Windows (version 11.0; SPSS Inc., Chicago, IL, USA).
Results
Sixty-seven colorectal cancer patients (mean age, 61.78±11.46 years; males, 52.2%) and 53 cancer-free subjects (mean age, 58.68±15.82 years; males, 43.4%) were recruited. The clinical characteristics of the patients are given in Table I . Thirty-three cases (49.3%) were classified as stages 0-II, and 34 cases (50.7%) were classified as stages III and IV. Fortyseven patients (70.1%) had distally-located tumors, whereas 20 (29.9%) had proximally-located tumors. Table I . Characteristics of the control subjects and patients. 
In the cases and controls, we first assessed the association of polymorphisms in the MTHFR and MTR genes that play important roles maintaining the level of folate and Hcy. The MTHFR 677C➝T polymorphism frequency was significantly different between controls and colorectal cancer patients. The frequencies of the MTHFR 677CC, MTHFR 677CT, and MTHFR 677TT genotypes were 44.8, 44.8, and 10.4%, respectively, for the cases, and 28.3, 39.6, and 32.1% for the controls, respectively (Table II) . When the MTHFR 677CC genotype was used as the reference group, individuals who harbored the MTHFR 677TT appeared to have a significantly lower risk for colorectal cancer (OR, 0.206; 95% CI, 0.070-0.604; P=0.005). However, the frequencies of MTHFR 1298A➝C and MTR 2756A➝G genotypes did not differ between the cases and controls.
When we next analyzed the relationships between the plasma levels of Hcy and folate among patients, the plasma folate levels were inversely associated with the plasma concentration of Hcy (r=-0.486, P=0.0003; Fig. 1A) . MTHFR 677TT homozygotes have significantly lower plasma folate levels than those with the other two genotypes (TT vs. CC+CT, P<0.05). Even though the plasma levels of Hcy in patients with the MTHFR 677TT genotype have a tendency to be higher than those with the 677CC+CT genotypes, no statistically significant differences exist (Fig. 1B and C) .
We then investigated changes in the status of circulating DNA methylation among patients according to the plasma folate level. The cases were divided into the following 3 subgroups according to the plasma folate level: low (<4.1 ng/ml), medium (≥4.1 and <6.7 ng/ml), and high (≤6.7 ng/ml). The methylation rate of the p73 gene was increased in the high folate level group compared to the low or medium folate level groups (P=0.023; Table III Table II . Genotype distribution of MTHFR 677C➝T, 1298A➝C, MTR 2756A➝G polymorphisms in colorectal cancer patients. Table III . Methylation status of p16 INK4A , p73 and hMLH1 genes in colorectal cancer patients according to folate level. 
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The cases were divided into low (<4.1 ng/ml), medium (≥4.1 and <6.7 ng/ml) and high (≤6.7 ng/ml) level groups according to their plasma folate level. In methylation status, (-) and (+) indicate unmethylated and methylated, respectively.
-----------------------------------------------------------------------------------------------------
no significant association between the methylation status of the p16 INK4A , p73, and hMLH1 genes and the Hcy level (Table IV) .
Discussion
Folate provides one-carbon units required for various fundamental biological substances, such as DNA synthesis, INK4A , p73 and hMLH1 genes in colorectal cancer patients according to homocysteine level. 
Colorectal cancer patients were divided into three groups, low (<7.4 μmol/l), medium (≥7.4 and <10.8 μmol/l) and high (≤10.8 μmol/l) level groups according to their plasma homocysteine level. In methylation status, (-) and (+) indicate unmethylated and methylated, respectively.
- ---------------------------------------------------------------------------------------------------- repair, and methylation. MTHFR and MTR are important enzymes in one-carbon metabolism, and their polymorphisms influence the plasma folate and Hcy levels have been implicated with the risk and the progression of colorectal cancer. Methylation of genomic DNA relies on an adequate supply of folate, and inappropriate folate status may increase the risk for colorectal carcinogenesis by inducing aberrant DNA methylation, DNA instability, and alteration of gene expression (23) (24) (25) .
In the current study we found that subjects homozygous for the MTHFR 677TT genotype had a reduced risk of developing colorectal cancer compared with the other genotypes, MTHFR 677CC and 677CT; our observation is consistent with previous reports (26) . An inverse association was observed in the current study between plasma folate and Hcy levels among patients, which is in good agreement with previous studies (27, 28) . MTHFR 677TT homozygotes with reduced enzymatic activity usually have lower plasma folate concentrations than CT and CC genotypes, and are also associated with hypomethylation (29) . Although it has been suggested that folate helps prevent cancer, the relationship between folate and colorectal cancer is complicated because folic acid has been shown to have a dual role in cancer development; specifically, low folate ingestion protects against early carcinogenesis, but high folate intake promotes carcinogenesis (30) . It is possible that the reduced enzymatic activity of the MTHFR 677TT genotype may be advantageous in terms of DNA synthesis and DNA repair due to the increased availability of 5,10-methylenetetrahydrofolate in the presence of high folate levels, whereas reduced enzymatic activity may be disadvantageous in terms of the methylation reaction because lower levels of 5-methylenetetrahydrofolate may result in DNA hypomethylation due to reduced methionine synthesis in the presence of low folate levels (31) . However, it still remains to be determined whether or not these genetic-nutrient intake interactions play as a causative or a preventive factor for the development of colorectal cancer (32, 33) .
The subsequent analysis of the relationship between promoter methylation and plasma folate levels among patients showed that a high folate level (≥6.7 ng/ml) greatly increased the methylation rates of p73 DNA, whereas patients with low or medium levels of folate had a much lower level of p73 DNA methylation. We did not observe the change in methylation status on p16 INK4A and hMLH1 DNA according to folate levels. This observation raises the possibility that the effect of folate levels on DNA methylation may not be global hypo-or hypermethylation, rather may be site-and gene-specific. In fact, Sohn et al (34) reported that rats with severe folate deficiency produced significant hypomethylation within exons 6-7, but not in exon 8 of the p53 tumor suppressor genes, in spite of a 56% increase in genomic DNA methylation. However, there are no conclusive data supporting whether or not folate levels induce global changes of DNA methylation or site-or gene-specific methylation in colorectal cancer.
The p73 gene encodes two major forms (TA-p73 and ΔN-p73) and is located on chromosome 1p36.2-3. The expression of the p73 gene is augmented in diverse tumor types. TAp73 generated from the first promoter (TA promoter) can transactivate p53 genes and possesses tumor suppressive properties, whereas ΔN-p73 lacks the transactivation domain generated from an alternative promoter in intron 3 and can exhibit anti-apoptotic properties. Recently, another Nterminal splice variant, ΔN'-p73, has been identified which is generated from the TA promoter. Pützer et al (35) reported that the E2F1-regulated ΔN'-p73 transcripts are the predominant source of potentially oncogenic p73 proteins. We assessed the methylation status of the TA promoter region, but did not measure the differential expression of TA-p73 and ΔN'-p73 in tumor tissues. Regarding this issue, it should be investigated how the different p73 isoforms are regulated through CpG island methylation in different folate levels.
Although there is a report that the methylation pattern in primary tumor and serum was concordant in matched tissue and serum samples of the cases with gliomas (36), whether or not the methylation pattern in tumor tissues or in plasma DNA is similar at different folate levels remains to be determined. To answer this question, further research is required that critically evaluates the methylation pattern of circulating DNA and tumor DNA according to different folate levels.
Although our data propose that in colorectal cancer patients, plasma folate is an important determinant regulating p73 promoter methylation, there were some limitations to the present study. We did not ascertain the effect of the MTHFR genotype on p73 methylation due to a limited number of patients. In addition, p73 methylation status was not compared between cases and controls according to the concentration of plasma folate. Finally, it should be noted that a single assessment of plasma folate at one time point may not be a meaningful indicator of long-term folate intake. In summary, our observations suggest that promoter methylation of p73 may be a unique marker regulated by plasma folate in colorectal cancer; further research is clearly warranted to confirm both the relationships between promoter methylation of p73 and folate levels, and the roles of p73 variants in the development of colorectal cancer development.
